Introduction
Integral membrane proteins (IMPs) comprise an estimated 30% of all proteins in sequenced genomes and play critical roles in intercellular signaling, homeostasis and transportation, making them the target of both therapeutic pharmaceuticals and fundamental studies aiming at understanding how membrane proteins correctly fold into the membrane. Studies of membrane proteins are, however, hampered by their low concentrations in their natural environments. The 110-residue protein Mistic ('membrane-integrating sequence for translation of IMP constructs') from B. subtilis has generated considerable interest because of its proposed ability to fold spontaneously into the bacterial membrane and thus assist high-level production and folding of recombinant membrane proteins (Roosild et al., 2005) . Unusual for a membrane protein, it is highly hydrophilic and lacks a signal sequence. It may therefore avoid the bacteria's translocon machinery to integrate into the membrane in a Sec-independent manner. Co-production of Mistic appears to improve recombinant membrane protein production without the toxicity normally observed with recombinant production of IMP proteins at levels saturating the secretory system (Psachoulia et al., 2006) . Shorter homologs of Mistic from other Bacillus species accumulate into the cytoplasm rather than the membrane , but also show a tendency to form higher order structures and fibrils in solution, indicating the presence of hydrophobic surface regions. Nevertheless, the physical mechanism by which Mistic accomplishes its chaperoning function and interacts with the membrane remains unclear. We have therefore undertaken to use a cell-free transcription -translation system to study the effect of lipids on the protein's folding. Mistic occurs naturally as a monomer, but it has a single cysteine residue (Cys3), whose C b -linked sulfur atom is sequestered from the surface in the native structure, presumably by contact with the surrounding membrane, which is not directly visible in the available NMR structure (Fig. 1) . However, we show that exposure of Cys3 through conformational changes such as unfolding or misfolding and subsequent contact with a similarly exposed Cys3 residue in another Mistic molecule induce dimerization. Thus, dimerization can be viewed as a marker of the quality of folding of Mistic.
The use of a cell-free production system has a number of advantages compared with recombinant production in Eschericha coli, yeast or higher eukaryotic cells. In these overproduction systems, correct folding is limited by specific translocation signals and transport mechanisms that will not always be present in sufficient amounts while overall yields can be compromised by proteolytic degradation of misfolded species. Additionally, lipid compositions cannot be manipulated at will. In contrast, a bacterial cell-free production system allows us to add different lipid vesicles for the proper folding of protein without the need for specific transport mechanisms to the membrane, though this possibility has to the best of our knowledge not been systematically exploited yet. Not surprisingly, lipids increase the amount of soluble protein in cell-free membrane protein translation systems (Klammt et al., 2004 ), yet only have a minor effect on the production of soluble proteins such as green fluorescent protein (Klammt et al., 2004 ). An additional advantage of cell-free translation is that the protein is naturally synthesized in an unfolded state, from which it can fold into the vesicles provided. This avoids the use of denaturing detergents such as sodium dodecyl sulfate which have had to be used in e.g. the pioneering studies of bacteriorhodopsin (bR) folding (Booth et al., 1995; Booth et al., 2001 ) to provide a well-defined starting state for the refolding process. Bilayer properties significantly influence protein function, both by specific lipid -protein interactions (Fyfe et al., 2001) and through the general physical properties of the bilayer (Bloom et al., 1991) , such as curvature and lateral pressure (Meijberg and Booth 2002; Allen et al., 2004) . Phosphatidylcholine (PC), phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) lipids are common components of biological membranes with PG being the major anionic lipid membrane of E. coli ( 20% by weight) with the remainder being about 75% PE and 5% cardiolipin (Raetz, 1978) . PE and cardiolipin are non-bilayer-forming lipids, while PG and PC are bilayer-forming lipids. Thus, the preparation of vesicleforming bilayers in vitro requires the use of relatively high proportions of either PG or PC. Proteins like OmpA and bR have been successfully folded into PC vesicles from the urea and the sodium dodecyl sulfate (SDS) denatured state, respectively Curran et al., 1999) .
Here we show that among the vesicles with different head groups (PC, PG, PE and phosphatidylserine, PS), PC-containing vesicles are optimal for Mistic production in the cell-free coupled transcription -translation system and for suppressing the degree of dimer formation. The optimum chain length of the PC vesicles is 14-18 carbons. Pure dioleoyl-diphosphoglycerol (DOPG) vesicles inhibit Mistic production, whereas DOPG levels below 30% do not hamper protein production or the dimer -monomer distribution. The lipid phase also plays an important role, since the liquid disordered phase induces higher production levels but also promotes the mobility and conformational flexibility required for dimerization. Mistic's tendency to dimerize through partial unfolding is particularly reduced by lipids with alkyl chains of 14 carbon atoms and longer. This may reflect the importance of bilayer thickness in promoting proper insertion and folding into the membrane.
Materials and methods
Lipids were from Avanti Polar Lipids (Alabaster, AL, USA), porcine RNase inhibitor (32 200 units/ml) was from Amersham Bioscience (Uppsala, Sweden). T7 RNA polymerase from New England Biolab, and S 35 labeled methionine (1175 Ci/mmol) was from Perkin-Elmer (Boston, USA). All other chemicals were analytical grade and either from Sigma, J. P. Marker or Merck.
Mistic expression vector preparation
Genomic DNA containing the Mistic sequence was isolated from a 50 ml LB broth of Bacillus subtilis DB104 grown overnight at 378C (ca. 0.1 mg wet weight) using the Plant DNAzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Two primers were synthesized (CATG, Copenhagen, Denmark), namely a 5 0 -primer: 5 0 -agagc tacccatatgttttgtacattttttgaaaaac and a 3 0 -primer: 5 0 -agataggatcct cagtggtggtggtggtggtggccggatgattctttttctccttcttc. The 5 0 -primer includes an NdeI restriction enzyme cleavage site overlapping the start codon for Mistic, and the 3 0 -primer a Ser-Ser-GlyHis6 peptide sequence, a stop codon and BamHI restriction enzyme cleavage site. One hundred nanograms of genomic DNA was used as a template in a PCR reaction together with 0.4 mM of the primers to amplify the coding sequence of Mistic using 0.025 U/ml Taq polymerase in 10 mM Tris-HCl pH 8.8, 50 mM KCl, 0.08% Nonidet P40 (Fermentas, St Leon-Rot, Germany) and 4 mM MgCl 2 . The 383-nt amplified PCR product was isolated following 1.5% tris-acetate-EDTA (TAE)-agarose gel electrophoresis using the Nucleospin kit (Bioscience, Mountain View, CA, USA). Three micrograms of the PCR product was digested with 20 U each of BamHI and NdeI at 378C for 3 h in 66 mM Tris acetate pH 8.5, 20 mM magnesium acetate, 122 mM potassium acetate, 0.2 mg/ml bovine serum albumin (Fermentas). In parallel 3 mg of pET3a (Novagen, Madison, WI, USA) plasmid was digested under the same conditions. The digestive products were separated by 1.2% TAE-agarose gel electrophoresis and isolated using the Nucleospin kit (Bioscience, Mountain View, CA, USA). Fifty nanograms of digested PCR product and 20 ng digested pET3a were ligated in a 40 ml ligation reaction: 40 mM TrisHCl pH 7.8), 10 mM MgCl 2 , 10 mM dithiothreitol (DTT), 0.5 mM ATP and 15 Weiss Units of T4-DNA ligase, at 168C overnight. One microlitre of the ligation mixture was used to transform One Shot Top10 electrocompetent E. coli (Invitrogen) using Easyject prima (EquiBio, Kent, UK) at Although the sulfur atom of Cys3 appears surface exposed, the structure does not include the membrane into which Mistic is embedded. Topology measurements have shown that although both the C-terminus and the N-terminus are exposed to the same periplasmic side, only residue 110 is accessible to thiol-modifying probes when mutated to Cys, indicating that Cys3 is embedded in the membrane in the folded structure (Roosild et al., 2005) . 1800 V/cm in 0.1 Gene Pulser cuvettes (BioRad, Hercules, CA, USA). An aliquot of the transformation mixture was plated on LB-Agar plates containing 100 mg/ml amplicillin and incubated overnight at 378C. Plasmid was isolated from 3 ml LB culture incubated overnight at 378C inoculated from a single bacterial colony. The integrity of the Mistic gene was confirmed by Dye Terminator DNA, sequencing the insert using standard T7-promotor and T7-terminator sequencing primers on a MegaBACE DNA sequencer (GE Healthcare, WI, USA).
Production and purification of native recombinant Mistic
This was carried out using the prepared expression vector following the published procedure (Roosild et al., 2005) . Purified Mistic was stored as a stock solution of 30 mM in 100 mM NaCl, 20 mM Tris pH 8.0 and 3 mM lauryldimethylamine-oxide (LDAO). One hundred millimolar of NaCl and 20 mM Tris pH 8.0 were present in all solutions containing recombinant Mistic.
In vitro dimerization of recombinant Mistic
Recombinant Mistic was mixed with SDS to a final concentration of 15 mM Mistic in 1.5 mM LDAO and 0 -10 mM SDS. The solutions were left overnight at 48C and then run on SDS-PAGE under non-reducing conditions.
Cell-free production of Mistic
The S30 extract used for protein synthesis was prepared from E. coli strain A19 according to established procedures (Kramer et al., 1999) with the following modifications. Cells for the S30 extract were grown in LB broth and harvested in mid-log phase (A 600 0.6). The cells were lysed by passing twice through a French press (Thermo Electron Corporation, Waltham, MA, USA) at 800 psi. The cell lysate was dialyzed (12-14 kDa molecular weight cut-off ) overnight against buffer containing 10 mM Tris acetate, 14 mM magnesium acetate, 60 mM KCl, 1 mM DTT, pH 8.2. Our reaction conditions were slightly modified from the standard reaction mixture (Kramer et al., 1999) . The following components were used: 40 mM Tris acetate ( pH 8.2), 25 mM ammonium acetate, 51 mM potassium acetate, 7 mM magnesium acetate, 23 mg/ml folinic acid, 0.3 mM cAMP, 27 mM phosphoenolpyruvate (50:50 mixture of trisodium and monopotassium salts), 350 mM each of 19 unlabeled amino acids (all except Met), 1.5 mM DTT, 1.2 mM ATP, 0.8 mM each of CTP, GTP and UTP, 0.23 mM glucose-6-phosphate, 13 mg/ml pyruvate kinase, 2.67 U/ml T7 RNA polymerase, 25-30 mg/ml plasmid DNA, 167 mg/ml rifampicin, 0.5 mM EDTA ( pH 7.8), 0.016% sodium azide and 0.225 volume of S30 extract. Reactions for autoradiography analysis determination contained 0.25 mM 35 S-methionine (1175 Ci/mmol). PEG-8000, which is usually included in cell-free translation compositions, was omitted, as it interferes with the migration of protein ,30 kD (Jungbauer and Cavagnero, 2006) . The negative control for production was a cell-free reaction without added DNA template. All reactions (10 ml final volume) were incubated at 378C for 2 h unless otherwise stated. At the end of this incubation period, samples were stored at 2208C unless otherwise stated, before gel analysis. The reaction mixture was diluted with 1Â gel loading buffer and run on a 15% SDS polyacrylamide gel. Subsequently the gel was dried, exposed to a storage phosphor screen from Molecular Dynamics for 12 h, scanned with 50 microns pixel size resolution using a Typhoon Trio variable mode Imager (Amersham Bioscience, Sunnyvele, CA, USA) and band intensity was quantified using the ImageJ program (Jungbauer and Cavagnero, 2006) .
Preparation of small unilamellar vesicles
Small unilamellar vesicles (SUVs) of phospholipids were prepared by sonication as follows. Thin films of different phospholipids were deposited on the walls of glass tubes from a solution in chloroform and methanol (2:1 v/v) by evaporation under a small stream of dry nitrogen. The lipid films were dried in desiccators for at least 48 h and then hydrated in a buffer containing 10 mM Tris acetate, pH 7.4. Phospholipids were suspended by vortexing and then sonicated using a Bandelin Sonopuls (Bandelin Electronic GmbH, Berlin, Germany) with 15% power and 50% cycles until no further optical clearing of the suspension was observed. For DMPC SUVs ( phase transition temperature 238C), the phospholipid film was suspended in the buffer at 378C and always kept at 378C. SUVs were centrifuged to remove titanium particles before use.
Protein production yields
Protein yields for standard cell-free batch reactions were determined by converting the measured amount of incorporated radioactivity ( 35 S-Met) into produced protein concentrations. Specifically, aliquots of the cell-free reaction mixture (3 ml) was run on a gel and dried afterwards, another gel of same batch was also dried and different amounts of 35 S-Met placed on the dried gel. After drying, both gels were exposed in the same plate and band intensity scanned as described above. The standard curve was plotted from the intensity of the 35 S-Met band (giving excellent linear fits between the amount of 35 S-Met and the number of counts up to around 16 ImageJ units) and used to determine the protein concentration (Debnath and Otzen, 2010) . This method requires us to make fresh standard curves using the same 35 S-Met batch, in which we expose both standard and sample gels in the same plate and scan them in a single scan. Typical yields from 10 ml of reaction mixture with 5 mg/ml DOPC vesicles are 3 ng Mistic.
Results
Production of Mistic in a cell-free system is optimal in DOPC vesicles and may reflect hydrophobic matching Cell-free Mistic production tests were carried out for a 2 h period with different amounts of lipid vesicles. Protein production was quantified by SDS-PAGE followed by radiometric detection of the incorporated 35 S-Met. Although there is significant protein production after 2 h in the absence of lipid, production increases by 25% in 0.5-5 mg/ml DOPC (Fig. 2) , and then declines to 40% of the optimal level at 10 mg/ml DOPC. It is possible that part of the decline may be due to the high concentration of lipid, which makes it difficult to solubilize the protein sufficiently for SDS-PAGE analysis, as seen by the increasingly diffuse bands. The high production level in the absence of lipid is consistent with Mistic's hydrophilic nature and ability to transfer to the membrane without bacterial transport components (Roosild et al., 2005) . In all subsequent experiments 5 mg/ml lipid concentrations were used.
In addition to the expected band for monomeric Mistic, we also observe both higher and lower molecular weight bands. The higher molecular weight bands are commented below. Since Mistic is the only protein to be produced from the vector, the 9 kDa band appearing in these gels must represent truncated Mistic, but the low amounts available preclude N-terminal sequencing or tryptic mass spectrometry to identify the site of truncation. Truncated products are also observed during cell-free production of StAR (Bose et al., 2002) and outer membrane protein A (Debnath and Otzen, 2010) .
Time-dependent production of Mistic in the presence of 5 mg/ml DOPC vesicles showed that protein production reaches a plateau level within 30 min of incubation at 378C (Fig. 3 ). The increase in monomer level can be fitted to an (inverted) exponential decay with a half-life of 3.5 + 0.3 min.
We next turned to the effect of lipid composition on production levels. Production is highest in zwitterionic PC lipids and lowest in neat anionic phosphoglycerol lipids (Fig. 4A) , giving the overall ranking order PC . PS % PE .. PG. This ranking is identical to that observed for production of the transmembrane domain of the outer membrane protein OmpA (Debnath and Otzen, 2010) . Nevertheless, inclusion of up to 30% PG in DOPC vesicles did not inhibit production (Fig. 4B) . Production tests in PC lipids with different chain lengths revealed that overall protein production increases steadily with chain length. Short chains (C 8 -C 10 PC), which lie on the borderline between micelle-and bilayer-forming lipids, do not significantly increase production compared with production in the absence of lipids. Production levels increase by 15% in the 12-carbon saturated chain DLPC, whereas the 14-carbon saturated chain DMPC and the 18-carbon unsaturated chain DOPC and the mixed lipid POPC all lead to 50% increased production (Fig. 4A) . Production is lower in DPPC than in DOPC and DMPC. This is most likely because DPPC's melting temperature (428C) is 58C above the incubation temperature for the cell-free translation system, meaning that the lipid is in the crystalline state. In addition to DPPC, the anionic lipid directly decreased production levels.
Levels of Mistic dimerization vary with chain thickness and bilayer flexibility
In addition to monitoring overall production levels, the SDS-PAGE data also provide information on the appearance of a higher molecular weight band of around 25 kDa, corresponding in weight to a dimer of Mistic molecules (see Figs 2A and 3A) . This dimer most likely arises from an intermolecular disulfide bond involving Mistic's single Cys3 residue. Consistent with this, 100 mM DTT reduces the fraction of dimer from 35 to 5% (Fig. 5A) .
We investigated the conditions inducing dimer formation in more detail using recombinant Mistic. Recombinant Mistic was purified in the presence of 2 mM DTT and only showed a monomer band on SDS-PAGE. However, upon incubation with the denaturing surfactant SDS, a band corresponding to dimeric Mistic was shown to increase in intensity with increasing amounts of SDS, reaching a plateau of around 0.4 mole fraction SDS (Fig. 5B, C) . This suggests that destabilization of the native state and access to other more flexible conformations, where the Cys3 residue is more The total intensity at the maximal production level (reached after 90 min) is set to 100%. The rise in the concentration of monomer is fitted to an exponential decay with a half-life of 3.5 min.
exposed to solvent and thus available for potential intermolecular contacts, promotes dimer formation. Similar observations were made upon incubation of Mistic with the denaturant urea (Fig. 5B) . Accordingly, we use the level of dimer formation as a crude but simple measure of the existence of non-native Mistic populations.
Interestingly, the fraction of Mistic that forms dimers varies significantly with lipid types but does not correlate with overall production levels (Fig. 5D ). Short-chain length PC lipids (C 8 -C 12 ) showed two to three times higher dimerization levels than the longer chain length lipids, despite their reduced overall production levels. Among the longer chain lipids, DOPS and DOPE induced the same level of Mistic dimerization as that for the C 8 -C 12 PC vesicles, while DOPG showed the lowest level of dimerization (though it also reduced the production level to a great extent, see Fig. 3A ). Furthermore, in mixed vesicles, 15 and 30% DOPG significantly reduced the amount of dimer at lipid concentrations of 2.5-5 mg/ml (Fig. 5E) , though the overall level of dimer formation also declined at higher lipid concentrations even in 0% DOPG. Note that the level of dimerization in the absence of lipids (the control) is around 25% in this experiment, which is significantly higher than the 5 -10% observed in Figs 2 and 3. The reason for this discrepancy is that the samples in Fig. 5 have been incubated for 12 h at 48C after the biosynthesis step, whereas those in Figs 2 and 3 were stored at 2208C prior to quantification by SDS-PAGE. Incubation at 48C allows dimerization to proceed to a greater extent and thus highlights differences caused by the presence of the lipids.
We compared how dimer formation depends on lipid concentration using two short-chain (C 10 and C 12 ) and two longchain (DMPC and DOPC) PC lipids, which all form vesicles in solution. The amount of dimer formed in C 10 PC and C 12 PC remained constant between 0.5 and 5 mg/ml, but declined by 50% in DMPC and DOPC over the same concentration range (Fig. 6A) . Given the significant difference between C 10 PC and DOPC in terms of dimer formation, we also investigated how dimerization was affected by different ratios of the two lipids in mixed vesicles at 378C. The results show that even a small amount (20%) of C 10 PC increases dimerization to the same level as that of 100% C 10 PC (Fig. 6B) .
Among the PC vesicles, Mistic dimer band intensity is lowest in the presence of DMPC, DOPC and POPC. Therefore, we followed the time course of dimer formation in the presence of 5 mg/ml for these three lipid vesicles at 378C. This revealed a clear ranking in terms of dimer formation: DMPC . POPC . DOPC (Fig. 7A) . For all three lipids, the fraction of dimer increased over time, indicating that dimers form slowly compared with the monomers, possibly as a result of slow association of misfolded monomers. Note that POPC and DOPC have almost the same lipid thickness (Nagle and Tristram-Nagle, 2000) . Interestingly, the ranking nicely follows the increase in the number of double bonds (0, 1 and 2) which also leads to an increasingly loose packing of the acyl chains (Yu et al., 2002) . Thus, DOPC is more loosely packed than POPC, though they have similar bilayer thickness. Thus, any difference in dimerization between these two lipids must be ascribed to differences in overall chain flexibility. The level of dimerization of Mistic in DMPC after 24 h of cell-free translation was reduced by 50% by lowering the temperature from 378C to 48C (Fig. 7B) , whereas dimerization was hardly affected by the temperature drop in the case of DOPC and POPC. DMPC has a phase transition temperature of 238C, whereas those of DOPC and POPC are 2208C and 228C, respectively. Thus, the crystalline state of DMPC reduces but does not completely block dimerization.
Discussion
In the present study, we have analyzed how the production and correct folding of the membrane-inserting protein Mistic are affected by lipid composition in a cell-free production system. We gauge the total degree of Mistic production by the radio intensity of the protein band (monomer plus dimer), Fig. 4 (A) Effect of different single-component lipids on total Mistic production after incubation at 378C for 2 h followed by incubation at 48C for 12 h. *Denotes decreased production levels, denotes elevated production levels, in both cases relative to the absence of lipid (indicated by a horizontal line). (B) Effect of the inclusion of increasing weight fractions of DOPG in DOPC vesicles on total Mistic production after incubation at 378C for 2 h. Horizontal line indicates production in the absence of lipids. Note that these data are separate from values in panel A, hence absolute intensities are not comparable.
while the degree of correct folding is indirectly assessed by the proportion of Mistic, which forms a dimer band. We justify the use of this dimerization assay on two grounds. Firstly, Cys3 of recombinant Mistic is not accessible to thiolreducing agents when embedded in the membrane in the native conformation, indicating that dimerization requires a non-native level of Cys exposure (Roosild et al., 2005) . Secondly, addition of the denaturing surfactant SDS to Mistic, which is initially solubilized in the nonionic surfactant LDAO in a native state, leads to increased dimerization (Fig. 5E ). The amount of dimer increases significantly between 0.2 and 0.4 mole fraction SDS. This is very similar to the folding of the membrane protein DsbB in mixed micelles of anionic and nonionic surfactants, where the transition between the two states occurs around 0.2-0.5 mole fraction SDS (Otzen, 2003) , whereas the transition occurs between 0.4 and 0.6 mole fraction for bR (Lau and Bowie, 1997). It is abundantly clear that different lipids significantly affect both production levels and the degree of Mistic dimerization. We group our lipids in four different classes based on these patterns, where production and dimerization levels are assessed relative to values in the absence of lipids:
(i) increased production and very low dimerization (DMPC, POPC and DOPC); (ii) unaltered production but higher levels of dimerization than class 1 (C 8 -C 12 PC); (iii) decreased production and very low dimerization (DPPC, DOPG); (iv) increased production but higher dimerization than class 1: DOPS and DOPE.
How might lipid composition overall affect both production and dimerization? Efficient production of membrane proteins in a cell-free translation system requires that the translational machinery is not blocked by the growing polypeptide chain, e.g. through aggregation. Mistic is not a typical membrane protein in that it does not show the high level of hydrophobicity of a total polytopic membrane protein. Nevertheless, it is prone to aggregation and the formation of higher order structures . The most efficient way to avoid this is to place the protein in a less aggregation-prone situation, i.e. in the membrane. Therefore, higher levels of production in a cell-free translation system are most likely linked to membrane association of some kind. Dimerization through Cys3 on the other hand requires a combination of Cys accessibility (through either partial unfolding or incomplete membrane insertion) and intermolecular contacts through membrane dynamics; these may be prevented by the burial of Cys3 into the bilayer or 'freezing' of Mistic in the gel phase. Let us now examine how these variations may be rationalized in practice. The lipids DMPC, DOPC and POPC, which all lead to the highest level of production and lowest level of dimerization, combine a PC head group with long alkyl chains. The zwitterionic PC head group has consistently proved the best overall lipid promoter of membrane protein folding (Booth et al., 2001) , probably because it provides the lowest electrostatic obstacle to efficient membrane insertion. Furthermore, DMPC and DOPC lead to bilayers with hydrocarbon thicknesses of 26.2 and 27.1 Å , respectively (Nagle and Tristram-Nagle, 2000) . This matches the estimated height of Mistic (around 28Å ), suggesting that hydrophobic matching is important for insertion and folding of Mistic and efficient burial of the Cys3 residue. This is also known from other membrane proteins, where there are clearly defined optimal lipid chain length for e.g. regeneration of rhodopsin (McKibbin et al., 2007) and folding of OmpA (Kleinschmidt and Tamm, 2002) . The slightly higher level of dimerization in DMPC compared with POPC and DOPC ( particularly clear in Fig. 7 ) could be due to its slightly thinner hydrocarbon layer, which may lead to slightly higher exposure of the Cys3 side chain. We consider it unlikely that the unsaturated chains in DOPC and POPC directly affect the dimerization by acting as oxygen scavengers to protect reduced Cys3. These lipids are only expected to oxidize to a very small degree over the time course where we conduct our experiments, and there is not a consistent difference between DMPC, DOPC and POPC in the overall level of dimerization despite different levels of saturation (see Fig. 5A ).
An interesting case is provided by DOPE and DOPS, which also lead to high production but combine this with higher levels of dimerization. DOPE is a non-bilayer-forming lipid because the small PE head group gives the lipid a conelike profile and prevents efficient planar packing (Curran et al., 1999) . This leads to increased lateral pressure in the region of the membrane between the hydrophilic membrane -water interface and the hydrocarbon layer. The inclusion of PE lipids in PC vesicles impedes insertion of the a-helical membrane proteins bR (Curran et al., 1999) and EmrE (Curnow et al., 2004) but also promotes kinetics of bR folding once inserted (Allen et al., 2004) . In our case we have used pure DOPE which does not form bilayers. The increased production in DOPE appears to contradict bR data but may reflect the ability of Mistic to generally sequester to a membrane-like environment in the liquid disordered state, while increased dimerization suggests that the protein is not inserted efficiently enough to attain the fully folded state, as we would expect from a non-bilayer-forming lipid. Identical lipids are known to have different effects on the folding of different membrane proteins, reflecting the different pathways followed by such proteins (Seddon et al., 2008) .
The two anionic lipids DOPS and DOPG are both capable of forming lipid bilayers but have opposing effects on both production and dimerization, DOPS increasing and DOPG decreasing both parameters. This is not straightforward to explain. Mistic is highly acidic with a net charge of 212 at pH 7.0 (Roosild et al., 2005) , so we would not expect anionic lipids to facilitate binding of Mistic, and this would explain the reduction of production in DOPG. Note however that shorter Mistic constructs with less negative charge, while being more soluble, also integrate better into the bacterial membrane ). One cannot rule out a general inhibition of translational apparatus by the anionic DOPG lipid, combined with efficient sequestration of Mistic into the membrane. Nevertheless, PG lipids have been found to accelerate folding of certain a-helical membrane proteins such as the trimeric diacyl glycerate kinase (Seddon et al., 2008) , and this has been attributed to specific binding of DOPG. It is possible that DOPS could differ from DOPG due to specific PS-binding sites on Mistic. Several membrane proteins, e.g. the potassium channel KcsA, have general anionic lipid-binding sites, which lead to stabilization of the membrane protein (Triano et al., 2010) . Other proteins are known to have very specific binding sites for the PS group (Shao et al., 2008) . While it remains speculative whether Mistic has such a site, this would sequester Mistic efficiently into the membrane (explaining increased production), while the overall negative charge might impede proper folding, leading to higher dimerization levels. We attribute the low production level in DPPC (melting temperature 428C) to its phase (the gel state) during production at 378C. Under these conditions, Mistic is probably directed towards the membrane but fails to insert correctly, because the high degree of order in the gel phase probably traps the ribosome-nascent chain complex at the membrane. The gel phase also reduces the degree of dimerization of Mistic in DMPC compared with the liquid disordered phase (Fig. 7) . As described above, we speculate that Mistic in this state is bound peripherally to the membrane in a misfolded state but is immobilized by the gel phase so that it is not able to take part in the intermolecular contacts required for dimerization. Unsurprisingly, the gel phase hampers folding of many other membrane proteins (Rodionova et al., 1995; Kalmbach et al., 2007) .
Finally we have the thin bilayer-forming lipids (C 10 -C 12 PC) where an unaltered level of production compared to the lipid-free control is combined with higher levels of dimerization compared with DOPC vesicles. The inability to stimulate production levels indicates that Mistic is somehow not incorporated efficiently and properly into the membrane. This agrees well with the increased level of dimerization. Although the thin bilayers are generally very efficient in refolding membrane proteins (Kleinschmidt and Tamm, 2002) and are known to be able to compensate for lack of hydrophobic matching by stretching around the hydrophobic face of the membrane protein (Killian, 1998) , this does not appear to be sufficient in the case of Mistic to suppress unwanted dimerization. Improper folding or increased dynamics of intermolecular interactions, leading to higher dimerization levels, may be favored by the high mobility in these thin bilayers, some of which have properties midway between true vesicles and micelles. In particular, C 8 PC is more a micelle-forming surfactant than a vesicle-forming lipid. Interestingly, MD simulations show that association with an LDAO micelle leads to partial unfolding of the Mistic structure where helix H4 moves away from the helix core H1-H3 and thus exposes Cys3 (Psachoulia et al., 2006) . In practice we find Mistic to be very stable against dimerization in LDAO micelles, but the MD simulations reveal a fundamental instability in Mistic, which will be enhanced by the addition of denaturing surfactants and apparently also by phospholipid surfactants. It is remarkable that even as little as 20% C 10 PC added to DOPC vesicles lead to a significant increase in Mistic dimerization, suggesting that this short-chain lipid binds with greater affinity than DOPC to Mistic when the two lipids compete for the lipid-binding sites on the Mistic surface. It is possible that this affinity is increased by partial unfolding of Mistic in this particular membrane environment, favoring additional binding of C 10 PC.
In conclusion, we have shown that production of Mistic proceeds at a high basal level in a cell-free production system in the absence of lipids in accordance with its atypical hydrophilic surface properties. However, addition of lipids can significantly enhance production and also suppress formation of dimers, a species which is otherwise formed to a greater extent when the protein is denatured. Optimal production and folding conditions are provided by lipids forming thick yet liquid disordered bilayers, indicating that at the fundamental level Mistic still behaves like a bona fide membrane protein with a clear preference for membranes of a certain thickness and flexibility.
